Interdiffusion in Au(120 nm)/Ni(70 nm) thin films at the low-temperature annealing in the different atmospheres  by Tynkova, A. et al.
at SciVerse ScienceDirect
Vacuum 87 (2013) 69e74Contents lists availableVacuum
journal homepage: www.elsevier .com/locate/vacuumInterdiffusion in Au(120 nm)/Ni(70 nm) thin ﬁlms at the low-temperature
annealing in the different atmospheres
A. Tynkova a, S. Sidorenko a, S. Voloshko a, A.R. Rennie b, M.A. Vasylyev c,*
aNational Technical University of Ukraine “Kyiv Polytechnic Institute” Peremogy av. 37, Kyiv 03056, Ukraine
bUppsala University, Materials Physics, Ångström Laboratory, Box 516, S-751 20 Uppsala, Sweden
c Institute for Metal Physics, National Academy of Science of Ukraine, Akad. Vernadsky Blvd. 36, 03680 Kiev 142, Ukrainea r t i c l e i n f o
Article history:
Received 13 January 2012
Received in revised form
7 July 2012








Annealing* Corresponding author. Tel.: þ380 44 4242520.
E-mail address: vasil@imp.kiev.ua (M.A. Vasylyev)
0042-207X  2012 Elsevier Ltd.
http://dx.doi.org/10.1016/j.vacuum.2012.07.005
Open access under CC Ba b s t r a c t
The development of the interdiffusion processes and the surface morphology changes in thin ﬁlms of
Au(120 nm)/Ni(70 nm) during annealing at 200 C for 20 min in vacuum with different residual atmo-
sphere pressures of 103 and 106 Pa and in an environment of hydrogen at a pressure of 5  102 Pa have
been studied. Secondary ion mass spectrometry, Auger electron spectroscopy, X-ray diffraction, optical
microscopy, atomic force microscopy and scanning electron microscopy were used. Surface microdefects
that form in the ﬁlms are related to the local oxidation of nickel and to the stress that arises due to
interdiffusion. Defect formation and reactions at the surface are found to be controlling factors in the
transport of nickel to the surface and in the observed morphology.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
Au and Ni thin ﬁlms are of major interest in many practical
applications [1]. AueNieCu layers are used in microelectronics: Au
provides protection against corrosion and oxidation and Ni serves
as a diffusion barrier between Au and Cu [2]. During both the
fabrication and the operation of these thin ﬁlm structures, heating
takes place at temperatures that range up to 200e500 C. However,
this can cause extensive diffusion and may degrade the perfor-
mance [3]. High temperatures may also lead to changes of the
topography of the Au ﬁlm and cause the formation of cracks or
pores that destroy the continuity of the ﬁlm.
There are reports on the formation of various kinds of defects in
the thin ﬁlms at relatively high temperatures. For example, after
heating in an oxygen atmosphere at temperatures between 250 and
500 C dark spots were observed in scanning electron micrographs
on the surface of Au(100 nm)/Ni(60 nm)/SiO2 samples. These were
identiﬁed as pores with diameters 200e300 nm and separations of
1e2 mm [4]. Auger electron spectroscopy demonstrated that NiO
formed on the surface. Pores are located at the dark spots with the
high concentration of nickel oxide. After heating in a hydrogen
atmosphere, the surfaces of the samples were smooth and defect-.
Y-NC-ND license. free. It has thus been established that the dark spots are pores in
the gold ﬁlm.
Further studies [5] showed that NiO layer grew and that pores
200e300 nm diameter were formed in the gold ﬁlm after heating
not only in oxygen but also in inert atmospheres (Ar and N2). The
inert gases used in that study could lead to formation of NiO
because they contained about 5 ppm of O2 and 10 ppm of H2O
and that was sufﬁcient to form layers of oxide. The thickness of
the oxide after treatment in Ar and N2 is 2e4 times lower than
after treatment in O2. The rate of the oxide formation decreases
at longer times for all temperatures in an oxygen atmosphere. It
is expected that the NiO ﬁlm passivates the surface against
further oxidation. The thickness that is required to hinder further
growth of oxide at the surface is approximately 2 nm at 250 C,
20 nm at 300 C, 60 nm at 350 C and 90 nm at 400 C. It has
been assumed [5] that the Au atoms diffuse along the grain
boundaries into the substrate and that the diffusion depth is nearly
3 mm. The Ni atoms move through the Au ﬁlm along the grain
boundaries and accumulate and this process is followed by the
formation of oxide at the surface. It was pointed out that the NiO
layer is thicker for thermally evaporated samples with lower grain
size (5e50 nm) than for electron-beam evaporated samples with
a larger grain size (10e250 nm).
In the case of the Au(500 nm)/Ni(200 nm) system with thick
layers deposited on the substrate from Ni superalloy (66 wt.%Ni,
Fig. 1. X-ray diffraction intensity as a function of the scattering angle 2Q for
Au(120 nm)/Ni(70 nm). Bottom: initial state; top: after annealing at 200 C for 20 min
in vacuum 103 Pa.
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heating in air at 450 Ce750 C caused the diffusion of Au atoms
along the grain boundaries and into the Ni layer and into the bulk
substrate [6]. The surfaces of the samples showed the existence
of the related dark spots up to 10 mm diameter after heating. When
deposition was made on a rough substrate surface, the spot size
could reach 5 mm. The amount of the oxygen can reach 56 at.% in
such regions. The Au atoms diffuse along the grain boundaries and
the diffusion depth is nearly 3 mm. This is the main mechanism for
the formation of oxidized regions on the surface.
Recently there has been considerable interest in technologies
that create nanoporous gold ﬁlms for use in medical devices (for
drug elution and to increase cellular attachment), as sensors, in fuel
cells, and for bioanalytical diagnostic platforms [7]. Understanding
diffusion in the Au/Ni system is also important from these
perspectives. The process of nanopore development in these
materials derives from selective electrochemical removal (deal-
loying) of the Ni component of the AueNi thin ﬁlm alloy after its
formation and subsequent heating at temperatures between 150
and 300 C. Complex morphology in noble metal ﬁlms such as Au/
Cu and Au/Ag has been identiﬁed as important in many applica-
tions [8]. An interesting example occurs when Ni dissolves and Au
assists by surface diffusion and agglomeration in the formation of
a connected network with open, nanosized pores [9].
An example of this approach is provided by the results of Lee
et al. [9]. The morphology of Au(4 nm)/Ni(4 nm)/p-GaN ﬁlms was
studied. The overall in-plane crystallite orientationwas also aligned
to the substrate direction. The Ni/Au bilayer was grown on p-GaN
keeping <111> directions parallel to the GaN <0002>. Oxidizing
processes were investigated during heating in air at 530 C for
1 min. Islands of Au were detected with a thickness about 8 nm and
a well-deﬁned interface under a NiO layer. The space between the
Au islands was ﬁlled with NiO. On the NiO surface nanosized pores
were found [9] and it was suggested that they provide paths for
grain boundary diffusion of Ni. After annealing and Ni dissolution in
aqua regia, the Au forms a continuous network in contrast to the
separate Au islands that were formed by the interdiffusion of Au
and Ni mentioned in an earlier study [10].
The interconnection between interdiffusion processes, forma-
tion of oxide and creation of defects in the Au/Ni thin ﬁlm system
has thus been demonstrated to be of widespread importance and
interest. Processes that occur under conditions of heating in air,
oxygen, H2O or an inert atmosphere have been described [4e6,8,9].
Although annealing under vacuum has been mentioned [4,5],
details of results have not been presented. There remain important
open questions of interest: what is the nature of the surface defects
formed in Au/Ni ﬁlms during annealing in vacuum and how does
the residual atmosphere inﬂuence the oxidizing processes. In the
present investigation, heating of Au/Ni ﬁlms system was made
under vacuum at different pressures. The rearrangement of the
elements between the layers, the phase composition and the
surface morphology were determined. In order to compare the
inﬂuence of the diffusion on these processes and the development
of morphological changes, some samples were also heated in
hydrogen at the same temperature and for the same time.
2. Experiment details
The Au/Ni systemwas deposited sequentially in a single vacuum
cycle (P ¼ 104 Pa) on the ceramic substrate CT-50-1 (60 wt.%SiO2,
13 wt.%Al2O3, 9.5 wt.%MgO, 7.5 wt.%CaO, 9.5 wt.%TiO2) at room
temperature. The Ni layer of 70 nm thickness was electron-beam
evaporated and resistance heating was then used to deposit the
Au layer with a thickness of about 120 nm on the sample with the
Ni ﬁlm. The structure of the ﬁlms is polycrystalline. As was pointedearly [2] the grain size in the Ni ﬁlm is about 10e40 nm and the Au
ﬁlms structure consists of rougher columnar grains of about
100 nm diameter.
The samples were annealed at 200 C for 20 min in vacuum at
pressures of 103 Pa and 106 Pa and in hydrogen at a pressure of
5  102 Pa. The ﬁlm topography was analyzed using a Nanosurf
Mobile S atomic force microscope (AFM) in contact mode with
constant force and with an optical microscope, Leitz Laborlux 12.
The crystalline phases were examined by X-ray grazing incidence
diffraction with an angle of incidence of 3 using Cu Ka radiation,
wavelength 0.1541 nm, with a Siemens D5000 diffractometer.
Secondary ion mass spectrometry (SIMS) using a MC-7201M
mass spectrometer was used to obtain information about the
depth distribution of the elements. The use of SIMS for thin ﬁlms
study has been described in reviews [11,12]. Oxygen ions with
energy of 4.5 keV were used as the primary beam for the depth
analysis. The primary beam current was 0.6 mA corresponding to
a current density of 0.2 mAmm2. The average ion etch rate for the
Au layer was 1.4 nm min1. The primary beam of oxygen ions was
chosen to increase the sensitivity of the method. The secondary ion
current intensity of 197IAuþ is very low and in the plots of results, the
Au signal is multiplied by a factor of 10 to increase the sensitivity of
Au analysis.
Auger electron spectroscopy (AES) was used to determine the
local chemical composition. Measurements were made with
a scanning Auger spectrometer, model JAMP-10S. Data were
collected in the derivative mode with a primary beam energy of
Ep ¼ 10 keV, current Ip ¼ 106 A, and electron probe size of 100 nm.
The energy resolution E/Ep was in the range 103e104. Analysis in
a static regime provides information about a layer with a depth of
0.5e1.0 nm for the elements investigated. Dynamic sputtering with
Ar ions (energy 3 keV) was performed to determine the depth
proﬁle of the elements. The elemental concentration was
determined from the energy resolved Auger signals using the
known factors for the elemental sensitivity [11]. Analysis of the
surface morphology was carried out using a scanning electron
microscope RMN-106J. The accelerating voltage was 20 kV, probe
size about 1 mm.
3. Results
The X-ray diffraction patterns measured after heat-treatment
under different conditions are shown in Fig. 1. After annealing the
Au diffraction peaks shift to higher angles and change in the
intensity. This suggests that a NieAu solid solution is formed. The
Ni concentrations in the solid solutions in Au were calculated from
the lattice constants derived from the X-ray data collected after
Table 1
Concentration of Ni in solid solution after annealing the Au(120 nm)/Ni(70 nm)






(P ¼ 106 Pa)
4.065 2.8
Annealing in hydrogen 4.060 3.2
Annealing in vacuum
(P ¼ 103 Pa)
4.038 4.9
Initial state 4.077 e
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dissolved Ni after annealing under a vacuum of 103 Pa is 4.9 at.%
and is much higher than after annealing in either a vacuum of
106 Pa (2.8 at.%) or in a hydrogen environment (3.2 at.%).Fig. 2. SIMS data for the Au(120 nm)/Ni(70 nm) ﬁlm: (a) in the initial state, (b) after annealin
annealing in vacuum 103 Pa. The signal from Auþ(d) is multiplied by a factor of 10 for viThe SIMS results are presented in Fig. 2. There is no interdiffu-
sion of the components in the initial state (Fig. 2a) and the slope of
the curves at the interface is due to the ﬁnite depth resolution of the
technique. After annealing under any of the conditions described,
no signiﬁcant penetration of the Au atoms to the Ni ﬁlm was
observed. The main diffusant is Ni. The Ni atoms penetrate through
the entire thickness of the Au ﬁlm and appear on the outer surface
of the sample. The average ﬂux of 58Niþ secondary ions increases
signiﬁcantly in comparison with that from the ﬁlm in the initial,
unannealed state.
After annealing at 200 C for 20 min under a vacuum of 106 Pa
(Fig. 2b), the Ni is spread uniformly in the Au ﬁlm, the ﬂux of 58Niþ
increases slightly in the near surface region. Annealing in hydrogen
causes a marked increase of the signal from Ni at the surface
(Fig. 2c) arising from enhanced diffusion. The observation of the
sharp increase of 58Niþ values at the surface is signiﬁcant.g at 200 C for 20 min in vacuum 106 Pa, (c) after treatment in hydrogen and (d) after
sibility in the plots.
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associated with oxide formation processes on the surface. This
feature of the SIMS technique is well-known [12]. NiO formation
probably occurs not during annealing, but rather during the sample
transfer to the chamber of the mass spectrometer [13]. After
annealing in a reducing atmosphere, the surface becomes clean but
it oxidizes again rapidly on exposure to air. Thus, when the sample
is investigated by SIMS, the surface has been oxidized already. A
similar effect was reported [5] for an AES investigation of a sample
when a small amount of NiO was detected at the surface after
annealing in hydrogen.
The most signiﬁcant redistribution of the components for the
Au(120 nm)/Ni(70 nm) system is observed during annealing in low
vacuumwith P ¼ 103 Pa (Fig. 2d). The signal from Ni is detected in
the surface layer and Au is absent. The amount of Ni increases in
both the surface region and throughout the Au layer. The thickness
of the layer, derived from comparison of the ion etching time for
different thin ﬁlms systems, that gave rise to a signal for Au is
reduced in comparison to the samples annealed under other
conditions.
It should be noted that the SIMS signal for Au during annealing
in high vacuum (Fig. 2a, b) is actually higher than for the other
conditions of annealing. According to Benninghoven [12,13] the
SIMS signal intensity from ﬁlms is inﬂuenced by defects, mechan-
ical stresses and other structural factors as well as the presence of
the impurities. After annealing in high vacuum the structure of the
sample displays fewer defects with lower impurity content and
thus the intensity of the secondary ion current increases.
The Au signal was observed for up to 90 min of ion etching in
Fig. 2b as under these conditions of annealing, some diffusion of Au
atoms into the Ni ﬁlm occurs. Although the Au atoms diffuse into
the Ni ﬁlm on annealing in low vacuum, the overall ﬁlm thickness
in the area of analysis is reduced because of macrodefects such as
pits or grooves under these conditions and therefore, the signal
recorded from the Au disappears after a shorter etching time.
Similarly, themacrodefects cause there to be a higher signal fromNi
after about 90 min etching for the sample annealed in low vacuum,
Fig. 2d than in other cases. The Ni signal shown in Fig. 2aec reach
the same intensity for ion etching times in excess of 100 min.
The surface morphology was studied using optical microscopy.
The surface is smooth in the initial state and after annealing in high
vacuum and hydrogen (Fig. 3a). However, after annealing in
a vacuum at 103 Pa a small number of local defect regions appear
on the surface. Their density and size increase (Fig. 3b, c) with
annealing time from 10 to 20 min at 200 C. The AFM results
conﬁrm that during annealing at 200 C for 20 min in a vacuum of
103 Pa (Fig. 4b), the surface relief and morphology changes
signiﬁcantly in comparison with initial state (Fig. 4a) and with the
condition observed after annealing in vacuum at 106 Pa (Fig. 4c) or
in hydrogen (Fig. 4d). Mounds and cavities appear on the surface,
the roughness exceeds 30 nm and the overall thickness of the
system is 190 nm.Fig. 3. Surface morphology of Au(120 nm)/Ni(70 nm) system in initial state (a) andThe spatial scale of the features on the surface observed using
microscopes is important as regards the results from other
analytical techniques. Thus, the investigation with SIMS of the
Au(120 nm)/Ni(70 nm) ﬁlm that was annealed in a vacuum of
103 Pa provides a combination of information that comes from
surface regions with signiﬁcant roughness and imperfections as the
diameter of the primary ion beam on the surface is of order 3 mm.
AES measurements at speciﬁc locations were used to investigate
the chemical composition in a single dimple (Fig. 5a, b). After ion
sputtering, the spectra of the outer surface and depth distribution
of all elements were recorded in the areas of the dimple. The
surface of the dimples was studied: directly in the middle of the
dimple and at their boundaries on different sides as well as in
smooth light areas (60 mm from the center). First, we should note
the presence of oxygen and carbon found in the near-surface layer
of the sample. In the middle of the defect areas, the concentration
of these contaminants and their depth are highest. Spectra from Ni
and Au were recorded at several dimples. The ratio of the Ni to Au
concentration is approximately 3 in the defect area (Fig. 3c). Fig. 5
shows the depth distribution of the elements in the middle of the
defect to a depth of 120 nm. During continuous sputtering, the
Auger signal from Ni, O and C decreases and the Au signal becomes
dominant. In the other regions away from defects, the oxygen
distribution is uniform with respect to depth. The relative
concentration of oxygen with respect to nickel at the center of the
defect is lower with increasing depth because not all the Ni is in the
oxidized state. Carbon is observed as it occurs as a contaminant at
the surface during sputtering and AES analysis. The energy of the
adsorption of carbon is more favorable where the Ni concentration
is higher than on the uniform Au ﬁlm.
4. Discussion
The data from SIMS and AES experiments provide information
about the chemical composition in speciﬁc areas and indicates that
there is extensive diffusion of Ni into the Au layer. It is expected that
grain boundary diffusion dominates in the Au/Ni system at low
annealing temperatures, up to 0.3 times the melting temperature,
Tm (TAum ¼ 1338 C, TNim ¼ 1726 C) [14]. Bulk diffusion is limited by
the mutual solubility of Ni and Au deﬁned by the phase diagram.
The solubility limit for Ni in Au is about 5 at.% up to 250 C [5,15].
The diffusion coefﬁcient of Ni is 2.2  1014 cm2 s1 during
annealing at 200 C in vacuum 103 Pa [16] and that is typical for
grain boundary diffusion. In our study, the mass transfer of Ni
atoms occurs not only along the grain boundaries but also through
the bulk. The X-ray diffraction data that indicated formation of solid
solutions is evidence for this bulk diffusion mechanism.
Kurinec et al. [5] have reported the formation of a solid solution
during annealing of Au(120 nm)/Ni(70 nm) ﬁlms in air with the
concentration of Ni in Au changing from 1 to 3 at.% for annealing
times from 15min to 4 h at 250 C. In previous work [17] it has been
suggested that during the initial stages of diffusion in thin ﬁlms, theafter annealing at 200 C in vacuum P ¼ 103 Pa for 10 min (b) and 20 min (c).
Fig. 4. AFM images for the surface of Au(120 nm)/Ni(70 nm) system in initial state (a) and after annealing at 200 C for 20 min in vacuum 103 Pa (b) in vacuum 106 Pa (c) and in
a hydrogen atmosphere (d).
A. Tynkova et al. / Vacuum 87 (2013) 69e74 73outer surface plays the role of a “pump” that provides a difference
in the chemical potential that drives diffusion of Ni atoms. The
favorable reaction with oxygen causes a gradient in the chemical
potential that drives the material from the lower layer through the
upper by grain boundary diffusion without penetration of the dif-
fusant atoms in the grains of the upper layer. The mechanism has
been termed an “oxygen pump” [17] and similar processes have
been observed for Pt/Ni/Cu structures as well as for Au/Ni ﬁlms
[18,19]. The driving force for the mass transfer of the atoms from
the lower layer to the surface is the gradient in chemical potential.
If the diffusant that arrives at the surface oxidizes, the concentra-
tion gradient does not decrease and the driving force for diffusion
can continue to act for a long time. Such a mechanism is apparent
for the Au/Ni system. Annealing in oxygen accelerates the grain
boundary diffusion of Ni to the surface and decreases the bulkFig. 5. SEM image of the dimple (a); components distribution as a function of the ddiffusion. This causes the lower Ni concentrations within the bulk
of the ﬁlm that are observed and reported in Table 1. These are
lower than the concentrations reported previously [5].
The oxide formation on the surface plays the decisive role in the
formation of the microdefects in the Au ﬁlm. According to [4], the
interdiffusion of Ni and Au occurs during treatment in hydrogen but
since no Ni oxide was formed, there are no microdefects.
The AFM images shown in Fig. 4 indicate that the hydrogen-
annealed sample has a smooth surface in comparison with
samples annealed in vacuum and even the as-grown sample.
However, the concentration of Ni in solid solution in the hydrogen-
annealed sample, see Table 1, is higher than that annealed at
106 Pa. It is well known that deposition of thin ﬁlms at room
temperature leads to signiﬁcant thermal stresses. Annealing in
hydrogen allows the thermal stresses to be removed and as there isepth from AES data in the middle of the dimple that was shown on Fig. 3c (b).
A. Tynkova et al. / Vacuum 87 (2013) 69e7474no oxidation, the surface becomes smoother. During annealing in
low vacuum, formation of islands of oxide occurs. This leads to local
mechanical stress and thus the surface roughness increases.
Decrease of the Ni concentration during annealing in high vacuum
as compared to annealing in hydrogen can be explained by the
sublimation of the Ni atoms. The sublimation occurs from the sites
with most defects: the grain boundaries, the triple junctions of the
grain boundaries, etc. This is important particularly when the
grain-boundary diffusion is dominant. As a result, in spite of the
annealing stresses the surface relief after annealing in high vacuum
is larger than during annealing in hydrogen.
In our case, annealing in a low vacuum for 20 min at 200 C is
insufﬁcient to form a continuous layer of NiO as there is a signiﬁ-
cant amount of carbon contamination on the surface. For this
reason pores through the ﬁlm are not formed. Signals from Ni and
Au do not disappear and only the relative amount of these elements
is changed near these dimples. The Ni concentration exceeds the Au
concentration at the center of these defects. The distribution of the
oxygen concentration observed in the defect suggests that Ni
oxidizes locally and that this leads to destruction of the ﬁlm as the
result of consequent stress.
Abdul-Lettif [14] noted the signiﬁcant inﬂuence of stress on the
process of defect growth in thin ﬁlms. The stresses arising during
annealing are caused by interdiffusion of Ni and Au as the differ-
ence in atomic diameters is 15%. Further, the formation of a NiO
layer with a thickness of several nanometers on thin metal ﬁlms
can also generate high stresses. Such processes are similar to
diffusion creep. For example, Ni oxidation under conditions of grain
boundary diffusion causes an irreversible tensile stress of approx-
imately 500 MPa in 400 nm thick Cu0.57Ni0.42Mn0.01 ﬁlms during
annealing in an argon atmosphere with 1  106 vol.% oxygen at
temperatures above 300 C [20].
The processes of oxidation and pore formation in the Au(4 nm)/
Ni(4 nm) systemwith very thin layers during annealing in air were
discussed by Lee et al. [9]. It is thought that Ni atoms diffuse
through defects such as grain boundaries in the Au layer and can
then form NiO crystallites on the surface. In that study, pores
through the entire ﬁlm thickness were observed.
Thus, our study suggests that Ni diffuses through grain bound-
aries and leads to the formation of NiO areas in dimples on the Au
surface. The maximum diameter of these areas is 20 mm and the
depth of NiO is about 20 nm. Pores through the entire depth of the
ﬁlm were not observed. NiO formation is found leads to the occur-
rence of stress and the destruction of the subsurface layer. The
presence of carboncontaminationdecelerates theoxidizingprocess.5. Conclusions
This study has identiﬁed the dominant role of reactions at the
surface and defects in controlling the diffusion nickel though gold
ﬁlms and resulting morphology. After annealing in vacuum of
103 Pa at 200 C for 10e20 min, local defect areas (dimples) up to
20 mm in sizewith enhanced Ni concentrationwere detected on the
surface of the Au(120 nm)/Ni(70 nm) system. The formation of the
defects is related to local oxidation of the material and the stress
that arises from interdiffusion. Thus the top surface degrades not
only during heat treatment in oxygen, air and inert atmospheres
as described in previous studies [4e9], but also in low vacuum.
Such effects were not observed after annealing either in a vacuum
of 106 Pa or in a hydrogen atmosphere.Acknowledgment
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